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PECENICAL NOTE RO 1432

CHANGES FOUND ON RUN-IN AND SCUFFED SURFACES OF STEEL,
CHROME PLATE, AND CAST IRON

By J. N. Good and Douglas Godfiey

SUMMARY

A study was made of run-in and scuffed stecl, chrome-plate, asnd
cast-iron surfaces, X-ray and slectron diffractlion technigues, micro-
hardness determinations, and microscopy were used. Surface changes
varied and were found to include three clasmeges: chemical reactlon,
hardening, and crystallite-sizs slteration. The principal chemioszl
reactlons were oxidation and carburization with the followlng reaction

products:
Specimen ' Surface- Material identi-  |Questionable
v -candition T1ed on swTarse identificat,ionl
- ’ e +
- SAR 4140 steel ;unrun a~Fe : Fez04
reciprocgting . Worn unscuffed ! a~Fe Fe304, Fegl3
- sligder ' Scuff recovered io~Fe, Fez04 . FezC, Feg0z
: . .Scuffad c~Fe, FezC, Fez04 Fe,0;
SAE 4140 eteel lhorn unscuffed
aircraft-engine’ (Superficial C (graphite), i Mixed oxildes
‘cylinder barrel face) | Beilby layer i
. {Less than o~Fe, Fezls, Feglz '~ ~ = = = ~ = =
5 0.001 in. T
below surface ‘
' face) :
e e e e I N ]
Chrome-plated | Worn unscuffed a-Cr S,
cast-iron rider Buymished a-Cr, Crp0z, CrSC j= - -~ ===
* Scuffed %a»Cr, Orgls, CraCh = = = = - = = -
Cast- iron - IUhrun _ gurFe 1 FoxC
reciprocating ZWbrn j @-Fe iC (graphlte)
glider = Souffed - | &-Fe :C (gggphite)

M.ines best Fit pattern of material listed.
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Hardness of materials exsmined veried with de of surface condltion.
The crystalllte sizes wers in the order of 107 ¢ centimeters. The sizes
changed with condltion of operation.

INTRODUCTION.

The changes that occur to xubhbing metallic: surfaces have been
gtudlied by many investigators in oxder to obtain a bebter undsrstanding
of the phenouwens of wear and wear resistance. (See the Lidliograzhy.)
A study of the blbliography and the reference reporta reveals that
at 1east the following fac tors are of importance:

© 1. Formation of surface f1lms and reaction nroducts

2.,bhanges in surface harﬁnasq
3. Changes in crysﬁallite'size

. Some: relatlons are entahlisbod lereln smong these factors and the
phenomena of run-in and one -phase of vear, scuffing, by identification
of and examination ofsurface changes occurring with one of the well-

- kaiovm . dources of metallic woar, reclprocating Bliding. The terw "run~in
is used in thias report to designate the process through which surfaces
acquire, by mutual interaction.during aliding contact, increased
capatity to carry load and.to wititetand wear. Thia invcst¢gatioh
neglects-the reliation of hydrodynamic and boundasry 1ubrication to run~1n,
although all surfaces studied were lubricated.

. Changes in the surface cqmposition and surfaue characteripilca wars
sttudied wider run-in and wear conditions for steel (SAE 414C) rubbed
agalnat cagt iron, chrome-nlated .cast iron rubbed sgailust steel, and
vagt ircn rubbed against cast iron; these combinations are standard in
aircraft engines. Use was made in this investigation of specialized
techniques in X-rey and eleciron diffraction, of chemical and mebal-
lographic analyses, gud of hardness uwessurements.

Specimens of standard sircraft-engine cylinder-barrel and piston-
ring materisl combinstions used in these exuminatilons were obtaelned from
two sources. ‘Portions of used cylinder barrels and piston rings were
directly examined, whereas portians of unused cylindexr barrels and
piston rings were examinsd after rubbing under pressure in a recinzrocet=
ing slider mschine. Surface changes on the gpecimons wera examined by
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X-ray and eleciron diffraction. ~Supplementary Information was
cbtained by chemiocal and microchemicel anslysls, slectrographlc
analysis, metallographic examination, and microhardness determination.

The Following meterials were investigated:

Material combination Snecimen Specimen
exXamined source
SAE 4140 stesl slider rubbed Slider Slider machine
against cast-iron rider st
Cast-iron pleton Pings rubbed Cylinder Alrcraft englne
agalngs SAE 4140 steel . barral

cylinder barrel

SAT 4140 stecel slider rubbad Rider Slider machine
againgt chrome-plated - ) ' .
cast-1lron rider

Cast-iron slider rubbed , Siidex Slidor machine -
egainet cast-iron rider '

Chromo-platod cest-iron piston Ring Atrcraft engine -
rings rubbed against SAE 4140
stsel cylinder barrel

This selection of spsecimens is representative of the materials uséd
in standerd aslrcraft engines and should givo results representativa
of run~in and scuff in vhose englnes. .

The slider machine (fig. 1) reciproégted a sllder specimsn

7% by l% inches beneath a fixed and loaded rider 1% by %’1nchesf

The rider was losded by applied gas pressure, which wag read from
a dial, Mass temperatures of the rider and the slider were recorded
with thermococuples. When the surfaces are lubricated, as in this "
investigation, conditions of both boundary and hydrodynsmic lubri-
cation are believed to exist, that of boundary et the ends of the
stroke and that of hydrodynamic at the middle of the stroke.  The
oll used was Navy 1120 fed at & rate of 18 cublc centlmeters pex
hour., The reciprocating speed was 830 cycles per minubte with a

stroke of 5% inches. The procsdure used for all specimens wvas as
follows: = .

+ 1. The two mabing surfaces were lapped with sillicon carbide
lepping compound. with resultant surfsece-roughness resadings of
approximetely 4C to 60 microinches ryms for the rider and below
15 microinches rms for the sliider.
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2. The surfaces were -cleaned with solvents.

3. The surfaces were mated by reclprocation under a constant”
load of 60C pounds per square inch apnlied to the rider for 15 minutes.
Run—in began at this point, . .

4 For scuffed Sﬂecimens, the rider was loaded in increments of
100 pounds per gquare inch every 5 minutes untll scuffing occurred.
A prolonged run-in procedure, conslsting of operation at 2400 pounds
per square inch for 2 hours followed hy 100 pounds per square inch and
temperature-stabilization increments untll ascuffing occcurred, was
used on one cast-iron surface. Scuffing observed visually, acvompanied
by rapid temperature rise, served as a criterion of surface fallure.
The machine was stopped within a few seconds after faillure began,
which was usuaslly 2 to 3 hours after the start of the run.

The .alrcraft engines were operated'for-sé td 7 hours of run~in

2500 rpm and an average 1ndicated mean effeotive pressure of-ZSO pounds
per sguare inch.

All X-ray diffraction natterns were obtained with cobalt Ko
radiation and with the specimen mounted in the manner used with the
Debys-Scherrer powder casmera. A 5-~inch-diameter cylindrical camera
was uged with an iron-oxide filter. Diffraction-line intensities
were visually estimated. A mlorophotometer.could be used only to
record a-iron X-ray-line position, breadth, and intensity for
cryatallite-size determination. Pogitive identification of compounds
was made only when & minimum of three of the strongest llnes was
obsgerved for each compound associated with at least one surface
condition cut of a series of surface conditlions obtained for & glven
mabterial. Calculatione of- crystallite size were made from line
broadening according to the procedure gilven in reference 1 on the

assumption that crystallite-size effects alone were.causing line
broadening. Fine copper yowder. was used to determine the etandard line
breadth. No estimation of the fraction of this broadening caused by
lattlice distortion was made. (Lattice distortion may have caused
a great part of the hroadening but no proved way exists to measure
relative effecta of lattice distortion and crystallite slze. y If,

in a group of lines composed of diffraction patterns of several
compounds, one patterm obviously predominated in Intensity, thet
compound was belleved to be nresent in greater amounts than any of
the others.
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Electron diffraction exsmination of subsurface reglons in the
used engine specimens was made after each of five succesglve ebrasions
of the metal on 00 emery paps?y lindor purs bsnzene. The deptk of an |
abrasion was measured with & vernler micrometer, Estimates of the
depth of surface changes were made by mlcroscoplc nmeasurements on,
cross and taper sections. Control specimens cut from the base struc-
ture of the engine cylinders were similarly treated and sxamined for
ovidence of any oxidation that might have beon produced by abrasion.

Hardness measurements were made with elbther Xnoon or Vickers
indenters, depending upon the oondition of the surface being investi-~
gated. The guantitative units thus obitained were checked gualitatively
withh a Bierbaum-scratch (Microcharacter) bardness tester. Thia
gcratch indentation s less affected by mebtallic strats underlylng the
surface than the cther 1nﬁenters, but 1t 1s more sensitive to surface
Srregularities.

Chemlical and microchemical analyses were made on nabtural and
metallograrhic surfaces by means of solutlon, electrographic, and
eloctrolytic etches. Metallographic examinations were made on normal
or.on tapered and plating-reinforced cross sections,: :

RESULTS AND DISCUSSION
Steel Surfaces

With the sllder-rider combination of SAE 414C steel and cagt
iron, -several comditichs occurred successively in strips, or zones,
on the steel glider (fig. 2). The production of more than one surfade
condition on one svecimen was due to slightly Ilmperfect mating of rider
and slider. ' The manner iu which svrface changes progressed represents
varicus steps in inocreased loading until failure. Identification of-
the smrface conditlons is as follows: A represents the originsl
unworn (unrun) surface; B redresents a worn but unscuffed surface;
and C vreryresents a surface that appeared to have entesred an initial
condition of gcuff rather early in the experiment but to khave almost
immediately .recovered. Close observabiion during the run revealed a
monentary darkening in color and then aw change to derk gray. . The
—~ermanently scuffed surface thiat developed in several stages, which
succewded each other within a few ssconds, is renresentsd by D.
The Tivst stage of formetion was indlceted by the momentary avrearance
of a dark-browm or reddish-brown surface color, which changed to
black. The change in color was accomjanied by the appearance in the
recovered oil of a sediment whosge major constituent was analyzed as
ailpha ferric oxlde q~FepOz by X-ray diffraction methods.
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The appearance of bright—spote.and heavy scuff maiks on the surface
accompanled by a sharn incresse in temperature Indicated permanent
gecuff., It appears that becpuse of , the initial imperfect mating a

_ shifting of load teook place, which led to varistlons and  irregularities
in local load concentrations. Surface B wmay be consldersd to have
carried a large poriion of the load during the mating procedure and
‘therefore to have been able to support the load as 1t was increased.

Ae the load was increased, surface C guddenly appeared. This
appearance cccurred as a_result, posalbly, of slight warping as the
temperature rose and becauvse surfacq C may bhave been ineufficiently
mated at the time the load lnoreased. As the load was further incresged,
strlp D appearsd, possibly because of a combination of-higher load
and further warping until the surface scuffed rapldly with so much
progreasive demege that the scuff becams exteneive and permanent.

Identification of alpha irom, o-Fe, ferrosoferric (ferrosic)
oxide, Fez04, - and iron.carbilds, Fesq. in these surfeces was made

by X-ray diffractlion. (See fig. 3. } (Whenever Fez0O4 18 mentioned:

hereln, the possibility that 1t could alsc be 7-Fes03 should be
congidered, because the twé are Indistinguishable by usual diffrac-
tion methode.) On all four surfaces (A, B, C, and D), Fez04 was
conaidered present and gave an apparent maximum diffraction Ilntensity
for scuff-~recovered and a decreased lntensity for scuffed conditions
as Judged from the number of lines end from the changes in visual
intensity. The identifilcation of Fey0z on surfaces B, C, and D
was questionable. Iron carbide was identified on the scuffed sur-
face D and questionably identified on scuff -recovered surface C.

The intensities were grester for the scuffed than the scuff -recovered
surfaece. No FoezC was ldentified on the unscuffed surfaces.

The results of the determination of crystallte slzes are presented
. in figure 4 and the X-ray patterns showing the differences are shown
in figure 5. The hardness of the four surface conditlons is also
si;gn in figure 4; maxluum hardness exleted on the acuff- recovered
gurface.

Electron diffraction examination of sepocimens cub from an unscuffed
SAE 4140 steel cylinder operated more than 100 hours with cast-iron
rings and thoroughly cleaned with solvemts on the cutermost surface
Tirat produced the two dAiPfuse halos characterigtic of +the Beilby layer
and the diffraction pattern of grapbite (fig. 3). Light abrasion
with 00. smwery, in succesgslve steps under benzene, exnosed metal that
gave the diffraction patterns of a-Fe, Fez04ya0d Fey05. Oxldes were

this detectable to depthe estimated near 0.001 ineh. Oxidation during -

the sbrasion wes proved negliglble by the same treatment of control
gpecimens.
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This oxidation 1s shown in more detall in figure 6 and is labsled
depth of oxygen penetration. Oxides exlsted beneath the surface of
the metal everywhere the cylinder had been rubbed. The top 1/8 inch
of the barrel was subjected to conditions within the cambustion
chamber but to no rubbing during engine operablon because it was above
the region of piston contact. In that top aree the oxide existed
only as a tenacious blue surface fllm under a carbon deposit. .
VYariation in surface hardness 1s plotted.on the same abscissa as the
oxygen date in figure 6. These data were taken at flve representa-
tive points along the barrel length.

Chrome Surfaces

The chrome-plated cast-iron ridexr that was reclprocated against
the steel slider contained only three distinguishsable surface condi-
tions at the end of the run; namely, worn unscuffed, burnished, and
normal scuff. Unrun-surface asnalyses were obtained from enother
rider. ’

The chrome patiern predominates in all the surface X-ray dif-
fraction patterns. Diffraction examinatlon showed no presence of
any chromic oxlde, Crps0z, on the unscuffed surface although this
surface was expected to contain at least a small amount of this
oxide, possibly in the amorphous condltlon. The compounds Crz03
and chromium carbide, CrzCz, were easily ldentifiled on the bur-
nished and scuffed surfaces. An X-ray diffrsction patbtern contain-
ing evldence for these compounds on the scufféd surfece is shown in
flgure 7. A number of diffraction lines that stand alone and belong
to none of the previously mentioned compounds may be parts of .the .
diffraction patbterns of FepOz, FesQ4, the chromium nitrides, CrgN
and CrN, +the chromlum carbides, CrgzCg, Cr7Cz, and also FezC
(on the scuffed surfeces). No completely relleble guantitative
trends could be found because of some @ifficulty in rating diffrac-
tion intensities, but the intensities of Crp0z and CrzCs appear
to be greater on the scuffed than on the burnished portion. TUnder
the microscope, patches of looge-appearing material witk the color
end texture of red &nd black iron oxides and giving dissolution
reactions for iron were observed in the surface depressions, appar-
ently as left after pickup from the mating steel slider. .

The variations in hardness =smong the different surface condi-
tions are grephically illustrated in figure 8. Crystallite-size
determination showed no large differences. A decrease in crystal-
lite size was expected approaching scuff and such & trend was
indicated, but the differences were within experimental error. The
sizes were of the order of 14 x 10~7 centimeters.



8 NACA TN No. 1432

" Electron-diffraction examinetions of unscuffed chrome-plated rings
taken from steel aircraft -engine cylinders produced no umable patterns.
Only bigh background wag observed. Under bthe microscoye, the surfaces
had the appearance of having a high polisti, X-ray diffractlon of thsse
surfaces also showed considerable diffuse scalbter together with very
diffuse and faint lines whose approximate smacings were those of Crq0s.

Electrographic enalyses identified chrome and iron, and & asries of
regotions by metallographic reagents strongly indicated the presence
of the compound Crz0z « Fol,

Cast-Iron Surfsces

Two cast-~iron slider specimens were examined that had been sub-~
Jected reapectively to a noxrmal and te a prolinged run-in procsdure.
The prolonged run-in increased load-carrying capaclty. ¥Yigure 7
liste an X-ray diffraction pabttern from an unrun surface showlng the
presence of a-Fe and one wesk ring (internlanar snacing, 4.5 A) that
colincides with the strongest llne of the grephite pattern. A number
of weak lines and one strong line colncide with gll the atrong lines
of FezC, and several unidentified lines also show. On all the sur-
faces, o-Fe weas observed. The presence of graphite was more cum-
pletely indicated on the worn end scuffed surfeaces, Hsrdness values -’
showed decrease as scuff condition was approached (fig. 9) and
crystallite sjzes increased .

No examinations were made of used unplated cast~iron plston
rings; the information presented in referencés 2 and 3 is considered
gufficlient for comparison. These references dlscuss the detection
of the pregence of graphite and oxldes on surfaces ‘that were in sliding
contact during erigine Operation. .

: pqrrelﬁﬁibn of Resulte,

In generesl, the results may be dlvided into three classea:
chemical reaction, material hardening, and alteration of crystallite
size. The chemical and physical changes identified on surfaces from
the reciprocating slidexr were supprficial compared with the changes
wrought on surfaces during engine testa, The deptbhs of the changos
were as follows: '
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Specimen i Deptbh of. chgnge
1 - (in.)
Reciprocating slider .| 1 x 1075 o 1 x 1074
- - -3
Aircraft-engine-cylinder 1 x 107%4%0%1 x 10
segment. o .

8Fxcept that 1 x 10™% in. mway be maximum for
chrome nlate. .

On all apeclmens examined, a certain amount of metallic smear and

crystal bending wes observed on or just under the surface. .

) The compounds present on engine~cylinder-barrel aurfaces were
present also on the slider surfaces of the same materisl. . The only
differences in the findings were that the various chemical compounds
and phases wore more. easlly identified oh the slider speovimens, eid:>the
the cylinder-bharrel suriaces deflnitely showed carbon and the:Bellby
layer: The diffraction patterns from tho.surface material on engine
gpecimens ofton tended to be diffuso. ) ,

The strength of the FegO4 diffraction pattorn from the scuff-
recovered steel and the strong evidence of the FezC from the acuffed
steel indiceted that Fez04 can be associasted with scuff resisbance
and that FezC can be associated -with scuff. Cautlon should be used,
however, in basing surh a comparison on the evidence in thia.investi-
gation alone. ZEvidence for the associabtion of different oxides with
different surface conditions may be found in refersnces 4 and 5.

A specially prepaned F6304 surface was found to. have excellent
properties partly, at least, because it sllowed rapid surface~profile
break-in without subseoquent bigh wear or scuffing. This oxide was
deslrable for an extremely fine and grenular .structure firmly rooted
to the base material. It was not. too tenacilous to resist abrasion
and broke down into a very fine polishing medium during rubbing

- {reference 4). Whenever in the preparation of the oxide surface the
red Fep0z formed, unfavorable results were odbtained. Ths red oxide
was soft and nonadherent (refersnce 5). :

The reason for this difference in surface-rubbing characteristics
of these two oxides 1s unot exactly kmown. Either oxide may form on
& given surface depending upon temperature and pressure relations.
The number of Fez04 nuclel developed in unit volume in unit time is
relatively large and the velocity of crystgllization is small and
this oxide may ocour as an impalrable powder. The red Fe203z, however,
is always crystalline (reference 6, pp. 740, T4l, 778}, '
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The onglne speclmens- represented run-in and wear condlitions entircly
2ifforent from those imposed orn slider swfaces. Mixed hot gases,
Tlanme, iwpact loading of jorbtions of the cylinder surfaco, and_higb glid-
ing speeds wers consldeorably different from'the room atwmosphere, simple
frictional heat, slow speed, ond steady losding of tho slider. Yeb
both the engine and slider swifaces exhibited the mame kinda of changs.
The long period of operatlon of the engine, howover, affected the dopth
to which oxygen penetrated.

The'occurrenoe of ocxldation in depth only in reglons of surface
rubbing suggests the occurrence of minute or mlcroscoplce voids as
feults (or cracke) within ths atomic structure or as intergranular
volds., (See refewences T to 10.) The density of an uncast metal
during working decreases (references 11 and 12}, poaesibly as a result
of the promagoticn of structural faults or -the formation of intermal
voids. Such a decrease should favor penelration and diffusion of other
elements, particularly gaseous ohes into the metal. Such relatively
deep oxygen penstratlon is lezs in agrcdement with the usual concentratilon
formula, which limite the thicknosd of an oxide film, than with an
activity-gradient formule (roference 13).

The wear profile of engine cylinders showed e devression, or highest
wear, at the top of compression-ring travel. TIn.thils reglon of high
wear where less oxygon penetratlion segmed to have occurrad, the surface
had been worn away almost as fast as the pemetration progressed.

Farther down the length of the cylinder barrel the rate of oxygen
ponetration seemed to excoed the rate of woar. As a resuld, oxldes
formed within a relatlively pliable metrix of sboel and possibly gave
rise to a desirable surfaceo, combining pliability with decreased
abragsion, which was continually renewed under the glow abrasion of
operating wear.

Breakdown of lubricent—under excessive—conditions way eccount for
an amount of carbon sufflclent for formation of the carbides. The for-
mation of & carbilde-rich phsso and the increcased surface hardness on
boundary-tubricated stesl agasinst cast iron is indicated in reference l4.

The crystallite slze and fthe hardness of the wearing surfaces are
Possiblly as important as theé chemical resctions. The relations batwoen
crystellite size and. hardnsgs for steel, chrome, and cast iron vary as
shown in figures 4 and 9 and are somewhat complex. The average hard-
negs of the SAE 4140 steel for the scuffed and scuff-rocovered surfaces
waa greater than the average hardness of the unscuffed surfaces, and by
similar comparison the crystallite size was smaller. In conjunction
with these. facts, the formatlon of the 1ron oxides and carbide on the
* gcuffed surfaces ls noted. If the changs 1in hardness is to be attributed
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to one of the other changes, ;t seems +to fcllow chomical reaction best.
The accurrence of FezO4 in its greatest quantity coincided with the
greatest hardness on the scuff-recovered surface, esnd a drop in
hardness on the socuffed surface coincided with an Indicated reduction
in the amount of Fez04. This concept of a goneral relation ‘of hardness
to chemical reaction may or may not be weskened, however, by the
occurrence of FezC with the lower hardness of the permanontly scuffed
surface.

. The hardness of the chrome suwrfasce increascd markedly far the
burnisied surface condition and corresponded with the formation of
. Crz03 and Cr3Ce. The cast iron softened throughout the runs and the
orystgilite size incressed. The end result at scurf was approximately
the same for normal and for prolonged run-in. The prolonged-run-in
surface, having the higher load at fallure, showed slightly less
softening than. the normael-run-in surfece. The mors pronounced, -..
crystallite-size incrsass for the worn-unscuffed surfece under prolonged
. run~-in seems incompatible with increassed resistance to failure.
Chemicel changes may account for the reversed trend for this material
wlth respect to the over-all trond assoclated with the other materials,
although such changes were undstectable in this case, Relatively,

an opposite trend 1s indicated  for auny onc of these materials when the
change in hardress is comnared with change in crySual1ite slze between
-unacuffed and scuffed surface conditions.

SUMMARY OF BESULES

The following observations weres made as & result of examinstions
of metalllic surfaces that hed undergons rubbing under conditions of
partly boundary and partly hydrodynamic lubrication; the changes found
on steel, chrome, and cast lron varied. with the run-in and scuffed
surfeces. . .

The priacipal chemica reachbions wore ‘oxidation and carburization
with the following reaction products._
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Specimen Surface Imaterial ldenti~ .Quostionable .
o conditioen  |fisd on surfece {1dontification
SAE 4140 steel  !Unrun . |&Fe Fez0y
reciprocating Worn unscuffed d~Te ~ Fez04, Foz03
slider © {Souff recovered |u-Fo,.Feoz04 Fo=zC, Foplz
Scuffed a-Fe, FoxC, Fezly Fo,0x

SAE 4140 steel

aircraft-engine
cylinder barrol

Worn unsouffed
(Supexrficial
face)
(Lees than .
0.001 in.

below surface |

Fface)

C (graphite),
"Beilby layer

a-Fe, FoxOy, Fao0x

Mixed oxides

R e kadiond - - -

Chroms~-plated.

Worn wmscuffed

a-Cr

cagb~iron rideriBurnished o-Cr, OrpQz, CraCa [r==--m-=--- me———
Scuffed a~-Cx, Ciry0z, CI‘3 Do |-=ewrmeumemmmmenenn -
Cast~iron " Unxun a-Fe FezC
recirocating ' jWorn . a-Fe ¢ (graphite)
slider © {8ouffcd o-Fe ¢ (graphite)
1Lines best £it pattern of material listed.

Hardness of materials examined'varied.with deg?ee of surfece condition.
The crystallite sizoes were In the order of 10" centemsters., The sizes

changed with condltion of operativm.

Flight Propulsion Research Laboratory,
Natlonal Advisory Committee for Asronautice,

Cleveland, Onhlo,

1, Barrett, Cherles Sanborm:
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Figure 1. = ﬁeciprocating slider machine.
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Figure 3. - Typical electron and X-ray diffraction patterns from surfaces of specimens of SAE 4140
steel slider and aircraft-engine ¢ylinder barrel and standard X-ray dlffraction patterns of materi-

als identified.
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Figure 8. - Relation between hardness and surface condition of chrome-
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Figure 9. - Relation between surface changes and surtace condition of
cast-iron silider specimens.



